TiO 2 nanoparticles were prepared from titanium tetrachloride (TiCl 4 ) in CH 2 Cl 2 at 80°C for 30 h, 42 h and 70 h using urea hydrogen peroxide (UHP) as an oxygen donor with a TiCl 4 : UHP molar ratio of 1 : 2. The XRD patterns and Raman spectroscopy results showed that the products consisted of anatase TiO 2 . IR and solid-state 13 C NMR with cross polarization and magic angle spinning techniques revealed the presence of urea. TEM observation revealed that the products prepared by the reactions for 30 and 42 h consisted of water-dispersible spheroid nanoparticles with a long axis of~5 nm, while an aggregation of nanoparticles was evident upon reaction for 70 h. Thermogravimetry, inductively-coupled plasma emission spectrometry and CHN analysis showed that the amount of urea increases in the following order: TiO 2 _42h, TiO 2 _70h, TiO 2 _30h. The photocatalytic activity of the products dispersible in water (TiO 2 _30h and TiO 2 _42h) was estimated based on the degradation behaviour of methylene blue, and TiO 2 _42h showed higher photocatalytic activity than TiO 2 _30h. It is proposed that TiCl 4 was directly oxidized by UHP to form anatase TiO 2 in the early stage of the process.
Introduction
Nanochemistry has been developed for the preparation of nanostructures, which are of particular interest because of their interesting chemical, physical and biological behaviour. 1 Among nanostructures, nanoparticles (NPs) are attracting considerable attention since they can exhibit properties superior to those of large particles based on their large surface areas and quantum effect. 2 So far, a variety of applications have been developed using many kinds of NPs. 3 Titania (TiO 2 ) is an attractive functional oxide since it exhibits interesting photochemical and optical properties, including photocatalytic activity and high refractive indices. 4, 5 The preparation of TiO 2 NPs has consequently been achieved with many different techniques, such as hydrolytic sol-gel, hydrothermal/solvothermal synthesis, and electrochemical deposition. [6] [7] [8] Among the various preparation techniques for TiO 2 NPs, a non-hydrolytic sol-gel process has been employed for the preparation of TiO 2 NPs. [9] [10] [11] [12] Titanium tetrahalides, typically titanium tetrachloride (TiCl 4 ), have been utilized in this process. TiCl 4 was reacted with an oxygen donor, such as diisporopylether, or a titanium alkoxide, typically titanium tetraisopropoxide. 13, 14 Since these reactions were conducted in organic solvents without the presence of H 2 O (which can also act as an oxygen donor), one of the advantages of this non-hydrolytic sol-gel process is the ability to control the amount of oxygen in the entire process, and this kind of control is extremely attractive for the size control of TiO 2 NPs. 9, 11 Hydrogen peroxide (H 2 O 2 ), another oxygen donor, has been utilized in the preparation of limited types of metal oxides, such as ZnO 2 Here, we report the first application of UHP for metal oxide preparation. UHP can possibly play multiple roles, as an oxidation reagent as well as a donor of water which can cause hydrolysis, and urea which can coordinate to Lewis acid sites. In the present study, TiO 2 NPs have been prepared by a reaction of TiCl 4 with UHP in dichloromethane (CH 2 Cl 2 ). The resulting products consist of water-dispersible TiO 2 spheroid NPs with a long axis of~5 nm. An overview of the preparation of water-dispersible anatase TiO 2 NPs using UHP is illustrated in Fig. 1 .
Experimental
General information X-ray diffraction (XRD) patterns were obtained with a Rigaku RINT-2500 diffractometer (Ni-filtered CuK α radiation). Raman spectra were obtained with a Renishaw in Via Reflex spectrometer using a 532 nm laser. Infrared (IR) spectra were recorded on a JASCO FT/IR-460 Plus spectrometer using the KBr method. Samples were dried under reduced pressure before preparing KBr disks. Solid-state 13 Preparation of the TiO 2 nanoparticles using UHP All manipulations conducted before sealing the autoclave were carried out in a glovebox filled with nitrogen. The reaction was performed in a 20 mL Teflon-lined stainless autoclave. A CH 2 Cl 2 solution of TiCl 4 (6.50 mL, corresponding to 6.50 mmol TiCl 4 ) was added to UHP (1.22 g, 13.0 mmol) in the autoclaves (TiCl 4 : UHP molar ratio of 1 : 2). The autoclave was then sealed following the addition of CH 2 Cl 2 (10.0 mL) to the mixture in the autoclave. The autoclave was heated in an oven at 80°C for 20, 30, 42, and 70 h. The resultant white solids were centrifuged, washed twice with ethanol, and dried under reduced pressure at ambient temperature. The 70 h product was washed four times. The products were labelled TiO 2 _xh, where x is the reaction period.
Photocatalytic activity of the TiO 2 nanoparticles dispersed in water
The photocatalytic activity of the products was evaluated by degrading methylene blue in an aqueous solution. TiO 2 _30h or TiO 2 _42h was dispersed in water (0.5 mass%) to obtain a highly transparent dispersion. The aqueous TiO 2 dispersion, methylene blue and deionized water were then mixed. The mixture contained 0.0100 mass% TiO 2 and 0.0100 mmol L −1 methylene blue. The mixture was transferred to a cylindrical glass beaker (inside diameter: 55.3 mm and height: 59.6 mm). Before the photocatalytic activity measurements, the aqueous TiO 2 dispersion was sonicated for 10 min. The aqueous TiO 2 dispersion was stirred continuously in an ice bath under a BLB lamp (FL15 BLB, TOSHIBA) (0.50 mW cm −2 at 365 nm). The maximum absorbance (664.5 nm) of methylene blue was measured after 15, 30, 45, 60, 90, 120, 150, and 180 min with a UV-Vis spectrometer. Control experiments: preparation of the TiO 2 nanoparticles without using UHP Control experiments were conducted without using UHP. All manipulations conducted before sealing the autoclave were carried out in a glovebag filled with nitrogen. : water = 1 : 2 : 9 in a molar ratio). The autoclave was then sealed following the addition of CH 2 Cl 2 (10.0 mL) to the mixture in the autoclave.
These autoclaves were heated in an oven at 80°C for 30 h. The resultant solids were centrifuged, washed twice with ethanol, and dried under reduced pressure at ambient temperature.
Results and discussion
Preparation of the TiO 2 nanoparticles using UHP White smoke was formed when the autoclave used for the preparation of TiO 2 _20h was opened, a result showing that TiCl 4 did not react completely and that a considerable number of Ti-Cl bonds remained upon reaction for 20 h. TiO 2 _30h, TiO 2 _42h and TiO 2 _70h were obtained as mixtures of transparent liquids and white solids, on the other hand, and fine white powders were obtained after these products were washed and dried. Thus, the characterization results of TiO 2 _30h, TiO 2 _42h and TiO 2 _70h are described hereafter. The Ti-based yields of TiO 2 _30h, TiO 2 _42h and TiO 2 _70h were 77, 71, and 77%, respectively. Fig. 2 shows the XRD patterns of the products. TiO 2 _30h, TiO 2 _42h and TiO 2 _70h correspond to anatase TiO 2 (JCPDS no. 21-1272). It should be noted that the XRD profile does not change with variations in the reaction time. The XRD pattern of TiO 2 _70h also showed the presence of NH 4 Cl (JCPDS no. 7-8), however, when TiO 2 _70h was washed twice with ethanol (Fig. S1 , ESI †), and TiO 2 _70h was thus washed four times. It should be noted that NH 4 Cl was also detected in unwashed TiO 2 _30h and TiO 2 _42h. NH 4 Cl seems to be formed from NH 3 These results demonstrate that the crystalline phase and particle size of these products remained unchanged, regardless of the reaction time.
The products were further characterized by Raman spectroscopy (Fig. 3) . The Raman spectrum of TiO 2 _30h shows bands at 154.4, 398.9, 514.6 and 639.7 cm spectrum 41 In addition, the 13 C CP/MAS NMR spectrum of TiO 2 _30h exhibits a signal that is assignable to urea at 163 ppm 42 ( Fig. S2 , ESI †).
The adsorption of urea on anatase TiO 2 surfaces has been investigated using IR. It was reported that urea molecules adsorbed on anatase TiO 2 surfaces exhibited characteristic bands at 1562-1552 cm −1 , and based on the IR results, coordination of one of two nitrogen atoms in the urea molecule to the anatase TiO 2 surface was proposed. 43 IR spectra simulated for similar coordination arrangements as well as those of urea adsorbed on anatase TiO 2 surfaces via the vapour phase were reported, and similar bands were present. 44 Thus, the presence of the bands at 1561-1562 cm −1 strongly suggests a similar interaction between urea and the anatase TiO 2 surfaces in the present study, and the bands are accordingly assigned to the ν as (Ti-OCN-Ti) mode. MFurther structural characterization of the products was carried out using TEM and FE-TEM. Fig. 5 shows the TEM and FE-TEM images of TiO 2 _30h, TiO 2 _42h and TiO 2 _70h. The TEM images of TiO 2 _30h, TiO 2 _42h and TiO 2 _70h show aggregated spheroid TiO 2 NPs in aggregation sizes of about 10, 10-25 and 25-100 nm, respectively. In addition, the FE-TEM images of the products show the formation of spheroid NPs with a long axis of~5 nm. This particle size is close to the crystallite size values estimated by Scherrer's formula. Thus, spheroid NPs with a long axis of~5 nm tend to aggregate with an increase in reaction time. The lattice fringe, with a spacing of 0.35 nm, corresponds to the spacing of the (101) planes of anatase TiO 2 . It was reported that amines acted as shape controllers to yield spheroid NPs by their specific adsorption to the crystal planes parallel to the c-axis of TiO 2 NPs. 45, 46 Since the IR results suggest that the NH 2 groups of urea interacted with anatase TiO 2 , spheroid NPs are also likely to be obtained in the present study because of urea adsorption on TiO 2 NPs. The specific surface areas were estimated by the BET method (S BET ). S4 in the ESI † shows the TG curves of the products. The total mass losses up to 1000°C of TiO 2 _30h, TiO 2 _42h and TiO 2 _70h are 23.7, 17.0 and 18.9 mass%, respectively. The molar ratios of Ti and urea in the products were measured by ICP and CHN analyses. The amounts of urea per Ti in TiO 2 _30h, TiO 2 _42h and TiO 2 _70h were 0.28, 0.12 and 0.17 (in mol), respectively ( Table 1) . The urea and adsorbed water ratios of the products were calculated based on the total mass loss of the TG curves and the molar ratios of Ti and urea. By assuming that all the organics are present as urea, the mass losses due to the thermal decomposition of urea in TiO 2 _30h, TiO 2 _42h and TiO 2 _70h are estimated to be 15.5, 6.6 and 9.8 mass%, respectively. The mass losses due to the evaporation of adsorbed water in TiO 2 _30h, TiO 2 _42h and TiO 2 _70h are calculated to be 8.0, 10.4 and 9.1 mass%, respectively (Table 1) . Thus, the content of urea on the surface of the TiO 2 NPs is increasing in the following order: TiO 2 _40h < TiO 2 _70h < TiO 2 _30h.
The amounts of urea can be discussed using the surface excess value reported for the urea adsorbed at the electrode/ electrolyte interface, 4.96 × 10 −6 mol m −2 . 47 Since the surface areas of TiO 2 NPs without urea are not available, we utilize the surface areas of the TiO 2 NPs with urea, 231-281 m 2 g −1 .
The maximal values of urea for 1 g of the TiO 2 NPs can thus be estimated to be 0.0688-0.0837 g. The values listed in Table 1 , on the contrary, correspond to 0.080-0.202 g of urea for 1 g of unmodified TiO 2 NPs. Thus, it is likely that large portions of the TiO 2 NP surfaces are covered with urea, and excess urea may be present in TiO 2 _30h, in particular. The amounts of Cl − were measured by IC analysis. The amounts of Cl − in TiO 2 _30h, TiO 2 _42h and TiO 2 _70h were all below the limit of detection, indicating that no Ti-Cl bonds remained after the reaction for 30 h. On the other hand, the presence of Cl 2 gas was investigated with a gas detection tube. The amount of Cl 2 evolved upon opening the autoclave in a glovebag was 2.50 ppm for TiO 2 _30h.
Photocatalytic activity of the TiO 2 nanoparticles dispersed in water
TiO 2 _30h and TiO 2 _42h were readily dispersed in water without ultrasonic treatment (Fig. S5, ESI †) . The aqueous TiO 2 NP dispersions were clear and colourless. This excellent dispersibility of the TiO 2 NPs is likely to originate from the presence of hydrophilic urea on the surface. On the contrary, TiO 2 _70h was not dispersed in water, probably because of its larger aggregation size. The UV-Vis spectra of the dispersions were measured to estimate the energy band gap (E g ) (Fig. S6, ESI †) . Absorptions below~400 nm are present, and the E g values can be estimated by the Kubelka-Munk function. 48 The estimated E g values of TiO 2 _30h and TiO 2 _42h are 3.33 and 3.31 eV, respectively. These E g values are almost equal to or slightly larger than that of pure anatase (E g = 3.30 eV). 2 Fig . 6 shows the photocatalytic degradation behaviour of methylene blue over TiO 2 _30h and TiO 2 _42h. The absorbance at 664.5 nm, assignable to methylene blue, decreases gradually under UV light irradiation. It is clearly shown that TiO 2 _42h exhibits better photocatalytic activity. A possible reason for the higher photocatalytic activity of TiO 2 _42h is its lower urea content.
Control experiments: preparation of the TiO 2 nanoparticles without using UHP The control experiment products were further characterized by Raman spectroscopy (Fig. 3) The presence of Cl 2 gas in the autoclaves was studied with a gas detection tube. The amount of Cl 2 in the products of TiO 2 _H 2 O 2 _urea was below the limit of detection, 0.1 ppm.
These results clearly demonstrate that the control experiments gave rutile TiO 2 , different from the synthesis using UHP, which gave anatase TiO 2 . Thus, it is likely that the reaction paths for the control experiments are different from those for the synthesis using UHP. 52 In the synthesis conducted using UHP, on the contrary, the reaction starts in a homogeneous system. It is likely that UHP directly oxidizes TiCl 4 in the early stage of the process, leading to the formation of anatase TiO 2 . The direct reaction between TiCl 4 and UHP is consistent with the evolution of Cl 2 only in the synthesis with UHP, since the Cl 2 evolution indicates the presence of a redox reaction. This also indicates that, even in the presence of H 2 O 2 , the reactions proceed mostly via hydrolysis in the control experiments. Another characteristic of the TiO 2 NPs obtained by the synthesis conducted using UHP is high dispersibility in water, a result contrary to the control experiments results. This may be ascribable to the effective adsorption of urea on the surface. Urea could be released in CH 2 Cl 2 , and stabilized by coordinating to the Lewis acid site on the TiO 2 NPs.
Based on the results, the reaction mechanisms of TiO 2 formation are proposed, as shown in Fig. 7 . In the UHP system, TiCl 4 is likely to be oxidized directly by UHP to form anatase TiO 2 in the early stage of the process. Released urea molecules appear to be adsorbed on the surface of the generated TiO 2 , leading to the formation of spheroid anatase TiO 2 NPs. Since HCl is likely to form during this procedure (as suggested by the formation of NH 4 Cl), hydrolysis seems be involved in the latter stage. In the control reaction experiments, on the contrary, TiO 2 seems to be formed mostly via hydrolysis and rutile TiO 2 is formed in highly acidic aqueous media. (Note that hydrogen peroxide is available only in aqueous solutions.)
Since variations in crystallite size are not evident after 30 h, the formation of anatase TiO 2 NPs is essentially completed by 30 h. The main difference between TiO 2 _30h and TiO 2 _42h is the amount of adsorbed urea, possibly due to hydrolysis via contact with water, released from UHP. A comparison of TiO 2 _30h and TiO 2 _42h shows a tendency towards aggregation, and TiO 2 _70h exhibits clear aggregation of the TiO 2 NPs. Since the addition of NH 4 Cl promoted the aggregation of TiO 2 NPs, 53 we assume that the formation of a large amount of NH 4 Cl (as shown in Fig. S1 , ESI †) causes the aggregation of TiO 2 NPs in TiO 2 _70h. 
